INTRODUCTION
Homing peptides that selectively target many kinds of tissues have been identified and have received a great deal of attention for their potential application in cell-specific or tissue-specific delivery of drugs and genes by coupling and assembling into novel complexes.
1,2 These peptides are very short and typically consist of only 3 to 12 amino acids. 1, 3 However, these peptides exhibit strong affinities and unique specificities against target ligands, such as the Arg-Gly-Asp (RGD) motif against av-integrins. 4, 5 By insertion of the homing peptides into viral vectors, tissue-specific targeting viral vectors can be produced for use in gene therapy and peptide-mediated drug delivery systems. [6] [7] [8] [9] These tissue-specific viral vectors provide high transduction efficiency, and infected cells undergo a 100-fold increase in division efficiency of the objective genes. 9 These homing peptides were identified by in vivo or in vitro phage display screening. 10 M13 filamentous phages are used as the platform of the library, and they present short random peptides into a minor coat protein (pIII). 10 The specific cell-or tissue-binding peptides are isolated by a binding-selection procedure, referred to as biopanning with phage. 2 We had previously identified cell-specific homing peptides to target neurons in the dorsal root ganglion (DRG) in mice. 11 Three kinds of peptides homing to DRG were lined up and recognized the different sizes of the neurons. 11 Furthermore, those peptides were inserted into helper-dependent adenovirus vectors, known as gutless adenoviral vectors, and developed for clinical use. Building upon these findings, we established a novel technology of DRG-targeted tissue-specific gene therapy. 9 Thus, homing peptides have a high potential for applicability toward, and being a powerful tool for, drug and gene delivery.
Here, phage display technology was applied to identify specific peptide motifs that recognized astrocytes and microglia. A combination of in vivo phage display in the spinal cord of mice and in vitro phage display in cultured cells identified peptides of interest that were then combined with small interfering RNA (siRNA) oligonucleotides for testing the capability of therapeutic gene delivery. Astrocytes and microglia in the spinal cord are potential targets for the treatment of many neurological diseases, such as motor neuron disease, spinal injury, spastic paraplegia, multiple sclerosis, sensory ataxia, and neuropathic pain. [12] [13] [14] [15] [16] [17] [18] Studies have shown that interferon regulatory factor 5 (IRF5) is involved in the pathogenesis of neuropathic pain. 19, 20 Specifically, IRF5 plays an important role in the pathogenesis of tactile allodynia induced by nerve injury, but not in that of allodynia involved with general sensations, such as thermal or movement allodynia. 20 IRF5 is mainly expressed in M1 microglia 21 and is upregulated by spinal nerve injury, which induces the expression of ATP receptors, such as the P2X4 receptor, to activate microglia and signal neuropathic pain in the spinal cord. 19, 20 Therefore, we hypothesized that downregulation of IRF5 expression in microglia will lead to a reduction in neuropathic pain. With the ability to achieve targeted delivery of therapeutic genes to microglia in the spinal cord, homing peptides are considered powerful tools with potential for the discovery and design of diagnostic agents and novel therapeutics.
In this study, homing peptides to astrocytes and microglia were identified. Delivery of siRNA for the IRF5 gene by these homing peptides highlighted their potential application in the treatment of disease when combined with therapeutic siRNA oligonucleotides.
RESULTS

Phage Display Screening of Homing Peptides Targeting Astrocytes and Microglia
After three rounds of in vivo phage display in mice and three rounds of in vitro phage display using KT-5 cells (astrocytes), 6-3 cells (M1; proinflammatory microglia), or Ra2 cells (M2; anti-inflammatory microglia), the DNA sequences were analyzed in phages with high affinities for astrocytes or microglia ( Figure 1 ). The homing peptides targeting astrocytes were detected in six types of sequences (AS1-AS6) after three in vivo and three in vitro pannings. The AS1(C-LNSSQPS-C) peptide was the most frequent in those six types of homing peptides and was observed in 48 of the 58 phage plaques (frequency, 83%) ( Table 1) . In total microglia, 55 types of homing peptides were identified by the phage display screening. Thirty-one homing peptides (microglia-specific peptide [MG] 1-MG31) recognized M1-type microglia, and 30 peptides (MG1-MG3, MG8-MG10, and MG32-MG55) recognized M2-type microglia. In addition, 6 homing peptides (MG1-MG3 and MG8-MG10) were observed in both M1-and M2-type microglia (Table 1) . The MG1(C-HHSSSAR-C) peptide was observed in 13 of the 51 phage plaques, most frequently in M1-type microglia, and was concurrently observed in 7 of the 50 phage plaques in M2-type microglia ( Table 1 ). The next most frequent peptide sequence was MG2(C-NTGSPYE-C), which was present in 3 of the 51 plaques in M1-type microglia, was recognized at the highest frequency in M2-type microglia, and was observed in 8 of the 50 phage plaques ( Table 1) . The AS3(C-RGATPMS-C) peptide was present in 2 of the 58 phage plaques in astrocytes; it was observed in 1 of the 51 phage plaques in M1-type microglia and 1 of the 50 phage plaques in M2-type microglia. This peptide was also listed as MG10 in microglia homing peptides. Among all of them, AS1, MG1, and MG2 were strongly considered candidate homing peptides for targeting astrocytes, M1 microglia, and M2 microglia, respectively, and these three peptides were used for the additional analyses.
High Affinities and Specificities of AS1, MG1, and MG2 Peptides Targeting Cultured Cells
To determine the specificities of AS1, MG1, and MG2 against target cells, each synthesized peptide labeled with fluorescein isothiocyanate (FITC) was individually introduced into NSC-34 cells (neuron), primary cultured astrocytes, and microglia at a concentration of 1 mg/mL for 24 hr. AS1 peptides overlapped with glial fibrillary acidic protein (GFAP) immunostaining and were only observed in astrocytes, but not with MAP2 staining in neurons or Iba1 staining in microglia (Figure 2A) . Among the GFAP-positive astrocytes, 80% were FITC positive, including the cells labeled in the partial area or only small spots (Figures 2A and 2B ). 20% of GFAP-positive cells were not labeled with FITC. In addition, in those astrocytes labeled with AS1 peptides, various staining patterns were observed.
The affinities of MG1 and MG2 peptides are presented in Figure 3 . MG1 peptides were mainly present in Iba1-positive microglia, and approximately 60% of microglia were labeled with MG1 peptides (Figures 3A and 3C ). FITC-positive cells were not observed in NSC-34 cells or astrocytes upon MG1 administration. In the MG2 condition, the same pattern was observed. FITC fluorescence was observed only in the primary cultured microglia, not in the NSC-34 cells or astrocytes ( Figure 3B ). The population of MG2-labeled microglia was approximately 40%, which was lower than that in MG1 peptides ( Figure 3C ).
anti-CD206 (M2) antibodies to identify the cell type labeled with each peptide. CD86 (M1)-and CD206 (M2)-positive cells were localized in total MG1 peptide-labeled microglia at rates of 40% and 26%, respectively ( Figure 4 ). In addition, CD86 (M1) and CD206 (M2) were observed in 27% and 47% of MG2 peptide-positive cells, respectively ( Figure 4 ). MG1 and MG2 peptides were both able to label M1-and M2-type cells; however, the MG1 peptide had greater binding affinity for CD86 (M1)-positive cells, and the MG2 peptide was predominantly observed in CD206 (M2)-positive cells (Figure 4) . The difference in frequency between MG1 and MG2 peptides is potentially useful for cell-specific targeting in gene delivery or the development of imaging probes.
In Vivo Targeting of the Spinal Cord by AS1, MG1, and MG2 Peptides
To confirm that these homing peptides can target the specific cells, in vivo experiments were performed in mice. A specified amount (3 mg) of AS1, MG1, and MG2 peptides labeled with FITC was intrathecally injected into mice. After 3 hr, the spinal cords were isolated from mice, and sections of the spinal cord were analyzed immunohistochemically. The AS1 peptides were represented by green fluorescence in the spinal cord and completely overlapped with the GFAP stain, an astrocyte marker, but not with the Iba1 stain, a microglia marker ( Figure 5 , upper two lines). The MG1 and MG2 peptides overlapped with Iba1, but not with GFAP, and there was a greater Figure 6A ). These complexes were bonded together by electrostatic interaction because of the negative electric charge of the oligonucleotides ( Figure 6A ). As a preliminary study, electrophoresis of the complexes was performed ( Figure S1 ). Furthermore, to determine the appropriate ratio of peptides and siRNA, complexes (peptides and siRNA) at ratios of 0:1, 0.5:1, 1:1, 2:1, 3:1, 4:1, 5:1, and 5:0 were prepared and assessed by electrophoresis ( Figure S1A ). At ratios of more than 3:1, oligonucleotide bands were not observed even as smear bands in the agarose gel, because the negative electric charge of the oligonucleotides was neutralized by the binding with the peptides ( Figure S1A ). Therefore, a ratio of 3:1 was determined to be the minimal ratio for peptides to bind to siRNA without a residue. Next, the electrophoresis of the complexes of siRNA-
, or MG1-9R peptides was performed to confirm the binding acuities of arginine residues with oligonucleotides ( Figure S1B ). Proportionally, as the number of arginine residues increased from zero to three, six, or nine, the oligonucleotide bands became gradually weaker ( Figure S1B ). Most MG1-0R peptides labeled with FITC were observed as high signals near sample application wells in agarose gel, suggesting that MG1-0R could not bind with siRNA ( Figure S1B ). Therefore, nine arginine residues were used for binding between homing peptides and oligonucleotides. The siRNA-IRF5 with MG1-9R or MG2-9R complexes (siRNA, 66 ng; peptides, 200 ng) were admin- istered to lipopolysaccharide (LPS)-stimulated microglia, and the levels of IRF5 mRNA expression were analyzed 3 hr after treatment. The mRNA expression of IRF5 in the MG1-9R+siRNA-IRF5 group significantly decreased to 60% of that in the MG1-9R+control group, whereas the siRNA-IRF5 (no peptide) and MG2-9R+siRNA-IRF5 groups failed to exhibit similar knockdown effects at low doses ( Figure 6B , upper graph). In addition, the siRNA-only and MG2 groups exhibited knockdown effects only in the high-dose experiments (siRNA, 330 ng; peptides, 1 mg). However, the MG1 group showed >50% knockdown of IRF5 mRNA expression in high-dose experiments ( Figure 6B , lower graph). The MG1-9R+siRNA-IRF5 group exhibited significant knockdown effects compared with siRNA-IRF5 (no peptide) and MG2-9R+siRNA-IRF5 groups in both low-and high-dose experiments ( Figure 6B) . The protein expression level of IRF5 was analyzed 24 hr after treatment through immunostaining of IRF5 and was demonstrated to be suppressed in the MG1 groups compared with the no-peptide and MG2 groups at both low and high doses ( Figure 6C ). In addition, the protein expression level of IRF5 in the MG1 group of the high-dose experiments decreased more than that in the three groups of the low-dose experiments ( Figure 6C ). The suppression of IRF5 protein expression exhibited the same pattern with mRNA knockdown effects, which were most effective in the MG1-9R+siRNA-IRF5 group, and a dose response was observed in the no-peptide, MG1, and MG2 groups ( Figures 6B and 6C ).
Gene Delivery of siRNA-IRF5 with MG1 Homing Peptides Targeting Microglia in Neuropathic Pain Mice
Gene therapy was performed for neuropathic pain by the knockdown of IRF5 using the MG1 peptide+siRNA-IRF5 complex (peptides, 3 mg; siRNA, 1 mg) and the comparative groups, which were MG2, AS1, and DRG complexes (peptides, 3 mg; siRNA, 1 mg) prepared with the same structure as the complex in Figure 6A . Because IRF5 is involved not in thermal or movement allodynia but rather in tactile allodynia, the effects of the complexes were evaluated by measuring the mechanical threshold with plantar tests. After spinal nerve transection, the reduction in the mechanical threshold against neuropathic pain was observed on the ipsilateral side of all mice on day 2 ( Figure 7A ). After confirmation of neuropathic pain, a therapeutic material was administered to mice through the intrathecal space on day 3. On days 4, 6, and 10, the mechanical threshold in the MG1+siRNA-IRF5 group significantly increased, whereas the threshold did not change from the pre-treatment baseline levels in the untreated control and in the siRNA-IRF5-only groups ( Figure 7A ).
In addition, non-target therapy was performed using MG2, AS1, and DRG peptides (targeting the DRG neuron) with siRNA-IRF5 (peptides, 3 mg; siRNA, 1 mg) and was compared with MG1 peptide treatment ( Figure 7C ). Only the MG1 peptide group exhibited a treatment effect for neuropathic pain; the other group of peptides did not exhibit even partial therapeutic effects ( Figure 7C ). Therefore, high-dose experiments (peptides, 15 mg; siRNA, 5 mg) were performed by using naked siRNA and MG2+siRNA complexes, which were compared with the MG1+siRNA group ( Figure 7D ). In naked siRNA on day 4 and in MG2+siRNA on days 4, 6, and 8, significant therapeutic effects were observed compared with the effects of the buffer control, which were partial and brief (Figure 7D ). In addition, the effects in the MG2 peptide group were significantly higher than those in the naked siRNA group on day 8 alone (Figure 7D ). This result suggested that the MG2 peptide had partial targeting potential to M1 microglia. The effect in the MG1 group was the highest among the four groups (buffer control, siRNA only, MG1, and MG2) ( Figure 7D ) and was slightly higher than that observed in the low-dose experiments, as shown in Figure 7A . IRF5 mRNA expression in the spinal cord was upregulated in the buffer control and siRNA-IRF5 groups (low: siRNA, 1 mg; high: siRNA, 5 mg) 5 days after nerve transection ( Figure 7B ). In contrast, on day 5, the mRNA expression of IRF5 in both low-dose (peptides, 3 mg; siRNA, 1 mg) and high-dose (peptides, 15 mg; siRNA, 5 mg) MG1+siRNA-IRF5 groups was substantially suppressed to the levels seen before nerve transection ( Figure 7B ). The effect in the high-dose group was significantly greater than that in the low-dose group in MG1+siRNA-IRF5 administration. Simple siRNA-IRF5 injections slightly suppressed the mRNA expression of IRF5 only in the highdose application of siRNA-IRF5, not in the low-dose application (Figure 7B ). The effect of delivery and knockdown of the target gene was markedly higher in the MG1 peptides groups than in the no-peptide group ( Figure 7B ).
Immunohistochemistry experiments were performed using spinal cord sections from the neuropathic pain mouse model after gene therapy with MG1-siRNA-IRF5. In low-magnification pictures of the spinal cord ( Figure 8A , extreme right), many CD86-positive cells accumulated on the ipsilateral side of the dorsal horn in the spinal cords, whereas few CD86-positive cells were observed on the contralateral side ( Figure 8A ). At a high magnification of the ipsilateral dorsal horn, numerous CD86-positive, pro-inflammatory microglia ( Figure 8A , second column, red) were also observed in all groups (Figure 8A) . The quantitation of immunofluorescent intensities revealed the same level of CD86 protein expression among control, siRNA, and MG1+siRNA groups ( Figure 8C ). However, IRF5 staining (Figure 8 , first column, green) was markedly weaker in MG1+siRNA groups than in the control and siRNA-only groups, and quantitative analysis indicated the same pattern of IRF5 protein expression ( Figures 8A and 8B ). Both mRNA and protein levels of IRF5 were effectively suppressed by the MG1-siRNA-IRF5 complexes ( Figures  7B and 8) , which could result in the reduction of neuropathic pain in the mouse models ( Figure 7A) . Moreover, the reduction efficacy of the MG1 peptide was the highest among all groups (Figure 7 ). These findings highlight the selective targeting ability of MG1 peptides to deliver siRNA oligonucleotides to microglia in the spinal cord and may serve as a useful tool for developing novel gene therapy modalities.
DISCUSSION
Effective gene delivery to selective target astrocytes and microglia requires the identification of homing peptides that can access the central nervous system. Therefore, in vitro and in vivo biopannings with phage libraries were used in this study to identify peptides that target astrocytes and microglia. We identified the AS1(C-LNSSQPS-C) peptide for astrocytes, which was the most frequent peptide in six types of peptide sequences detected in a total of 58 clones. Among the types of microglia homing peptides, 31 for M1 type, 30 for M2 type, and 6 for both M1 and M2 types were detected. The MG1(C-HHSSSAR-C) and MG2(C-NTGSPYE-C) peptides were identified as the two most frequent homing peptides. MG1 exhibited a higher binding capacity for M1-type microglia than did the MG2 peptide. In contrast, the MG2 peptide had a greater binding capacity for M2-type microglia. These results have potential applicability in cell-selective gene delivery. When the targeted cells consist of several subtypes, such as in microglia, 14 cell-specific targeting is required for highly efficient gene therapy or imaging. In this context, MG1 with siRNA could feasibly be delivered selectively into CD86-positive cells in the spinal cord, as was the case in this study, which resulted in effective gene therapy for neuropathic pain.
In neuronal tissues, many types of cells function simultaneously to maintain normal physiological conditions and uphold the balance of homeostasis. [22] [23] [24] [25] [26] A single molecule can induce variable cellular effects depending on the type of cell targeted. For example, brain-derived neurotrophic factor (BDNF) stimulates neurons to induce cell differentiation or growth. [27] [28] [29] However, BDNF also induced neuropathic pain through astrocytes by activating the afferent signals from the peripheral nerves to the brain after injuries. 30, 31 In addition to BDNF, many types of cytokines, such as interleukin (IL)-1, IL-6, and tumor necrosis factor alpha (TNF-a), have several functions and can stimulate many types of cells. [32] [33] [34] [35] [36] [37] In the anti-TNF-a antibody therapy for rheumatoid arthritis or inflammatory bowel syndrome, the target tissue is the articular cavity or intestinal tract. 38, 39 However, it occasionally induces a compromised host because the drug is systemically administered. 38 Therefore, in the field of molecular therapy, it is crucial that the therapeutic molecule be delivered only to the target tissues and cells. In addition, this type of precise targeting can suppress the side effects of treatment or any unexpected phenomenon, which is ideal for developing therapeutic agents.
An important consideration when transferring drugs into cells is which of the many types of cell penetration peptides can be used for delivery into target cells. 40, 41 Classically, the transactivator of transcription protein in HIV-1 was identified to be related to the translocation of proteins through the cell membrane. 42, 43 An additional study demonstrated that polyarginine could transfer to the cell membrane because of the positive electric charge, which could bind to proteoglycan with a negative electric charge. 44 In this study, nine arginine residues were connected to the MG1 homing peptide. This modification resulted in a powerful, high-performance tool for effective gene therapy. The MG1-9R peptide seems to have high potential as the delivery device for specific cells and cell penetration peptides. These findings could be used as a novel approach for the delivery of small oligonucleotides.
Many antisense oligonucleotides (ASOs) have been developed as the nucleic acid drugs and used in the trials targeting cancer and other incurable genetic diseases. [45] [46] [47] In treatments using ASO, their stability is typically the most important problem. By their nature, ASO are immediately degraded by nuclease in vivo, because ASO is generally a single-stranded structure. 45 Hence, to prevent the degradation of ASO, chemical modifications such as locked nucleic acids, 2 0 -O-methoxyethyl RNA, and constrained ethyl BNA have been devised for their stability. [48] [49] [50] [51] In addition, the siRNAs have been developed as a device for novel gene therapy and are slightly more stable than ASO because of their double-stranded structure. 48, 52, 53 The introduction of the drug delivery system is necessary for the siRNA gene therapy and requires coating with lipid nanoparticle or liposome, which were applied to protect siRNA from nuclease exposure. 48, 53, 54 In addition, we used siRNA duplexes of 25-mer sense and 27-mer antisense, which are known to exhibit high stability and activity for knockdown compared with the duplex of 21-mer siRNA. 55 The complexes of peptides and siRNA have been reported in several articles, 52 ,56 which demonstrated the effective gene delivery of siRNA conjugated with N-acetylgalactosamine (GalNAc) for hepatocytes 56 or with rabies virus glycoprotein (RVG) for acetylcholine receptors. 52 In this study, microglia homing peptides exhibited potential as a delivery device for siRNA and provided high knockdown efficacy of siRNA, although this MG1 peptide was shorter and smaller than the GalNAc and RVG peptides. 52, 56 Here, we performed gene therapy for neuropathic pain using the complex formed between short peptides and small oligonucleotides. In clinical settings, repeat injections are occasionally required for sustained effects of treatment. However, our results provide a novel strategy for selective gene therapy targeted toward nervous system tissues, which might be safer than gene therapy with virus vectors [57] [58] [59] [60] [61] or the chemical materials 62, 63 used in lipofection. Moreover, intrathecal injection was used for direct delivery into the spinal cord. This procedure is routinely performed in clinical settings. 64 In addition, local injection has merit with respect to antibody formation compared with intravenous systemic injection. 60 Therefore, this strategy can be translated into clinical use for treating patients with neuropathic pain, although additional safety trials must be performed in vivo.
The IRF5 gene was selected as a therapeutic molecule in this study. Its expression increases in the microglia of the spinal cord following spinal nerve injury, 21, 65 which was used to induce neuropathic pain in the disease model. Therefore, this molecule was well suited to confirm that microglia homing (MG1) peptides can selectively deliver the therapeutic gene to M1 microglia. The MG1 peptide was the most effective for neuropathic pain in all peptide groups. Surprisingly, only one shot of MG1+siRNA-IRF5 induced a remarkable knockdown effect with the same expression level of IRF5 in the pre-treatment condition. According to our in vitro study, MG1 could not bind to all of the microglia. Therefore, IRF5 mRNA might be strongly suppressed in CD86 cells targeted by MG1+siRNA-IRF5 until the level to offset the IRF5 expression in the untargeted cells. MG2 groups exhibited a certain level of therapeutic effect only with the high-dose administration study compared with that of the peptide-control and siRNA-control groups. These results are consistent with the in vitro study results, which indicated that the MG1 peptide was superior to the MG2 peptide for targeting M1 microglia, although the MG2 peptide was bound to a small population of M1 microglia. In contrast, the AS1 and DRG groups exhibited no therapeutic effects for neuropathic pain. These results suggest that the AS1 and DRG peptides could not target M1 microglia. In addition, it appears that IRF5 is expressed at low levels in neurons and astrocytes in the spinal cord. Overall, MG1 and siRNA-IRF5 complexes were highly effective for the successful suppression of hyperalgesia-induced spinal nerve injuries compared with that of other peptides or naked siRNA. This finding highlights the potential use of the MG1 peptide for developing targeting and delivery systems. IRF5 was identified as a key molecule involved in neuropathic pain. Many molecules have been reported to be associated with the pathogenesis of painful neuropathy or neuropathic pain. 66, 67 Despite the multitude of drugs that have been developed to treat neuropathic pain, an effective medication has yet to be identified. 67 In the present study, the selective suppression of IRF5 in microglia yielded effective results for reducing neuropathic pain, highlighting the pivotal role that IRF5 may play in potential treatment strategies. Our results emphasize the importance of recognizing IRF5 as a key factor in neuropathic pain, as previously demonstrated. 20 This study highlights the inhibition of IRF5 with microglia homing peptides as a strategy for novel gene therapy for neuropathic pain in mice. The complexes between peptides and siRNA-IRF5 inhibited hyperalgesia induced by spinal nerve transection. The use of these complexes in the spinal cord may be considered a promising method for the treatment of neuropathic pain.
MATERIALS AND METHODS
Animals
C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). All animals were housed under a 12-hr light:dark cycle and were provided with water and mouse chow ad libitum. All animal experimental protocols were approved by the Institutional Animal Care and Usage Committee (IACUC) at Shiga University of Medical Science and were performed in accordance with the guidelines of the IACUC at Shiga University of Medical Science.
Preparation of Cultured Cells
NSC-34 cells were purchased from CELLutions Biosystems (Toronto, Canada) and were prepared as the representative neuronal cells. NSC-34 cell lines were maintained with 10% fetal calf serum in DMEM/F12 medium (Thermo Fisher Scientific, Waltham, MA, USA). KT-5 cells were obtained from the Japanese Collection of Research Bioresources (JCRB) cell bank at the National Institutes of Biomedical Innovation, Health and Nutrition. Ra2 and 6-3 cells were purchased from Cosmo Bio (Tokyo, Japan). These cells were maintained in culture according to the manufacturer's protocol and were used to screen the homing peptides. Primary cultures of astrocytes and microglia were prepared from the brain tissue of C57BL/6 pups 1-2 days postpartum. or the high-dose group (siRNA-H) (5 mg/mouse, n = 5), and MG1+siRNA-IRF5 of the low-dose group (MG1+ siRNA-L) (peptide, 3 mg/mouse; siRNA, 1 mg/mouse; n = 10) or the high-dose group (MG1+siRNA-H) (peptide, 15 mg/mouse; siRNA, 5 mg/mouse; n = 5). IRF5 mRNA expression levels were standardized by b-actin mRNA expression and were shown as the relative ratio against the expression level at day 0 (n = 5) in the spinal cord. CTR, control mice; MG, microglia-specific peptides. Error bars, mean ± SD. *p < 0.05 versus CTR and another siRNA group in the same dose. #p < 0.05. (C) The effects of the mechanical threshold in the neuropathic pain mice on the ipsilateral or contralateral sides due to the injection of CTR (buffer only) (n = 6), MG1+siRNA-IRF5 (n = 6), MG2+ siRNA-IRF5 (n = 6), AS1+siRNA-IRF5 (n = 6), and DRG+siRNA-IRF5 (n = 6) on day 3 post-transection. The concentration of administered peptide or siRNA is 3 or 1 mg in each mouse, respectively. Error bars, mean ± SD. Astrocytes were isolated by the passage of whole cells during the initial 5-7 days. After a 14-day incubation of mixed culture cells, microglia began to grow on the astrocyte cell sheet and were isolated in another culture dish. The isolated microglia were subsequently used for experiments.
In Vivo and In Vitro Phage Display and Screening of Homing Peptides Targeting Astrocytes and Microglia
The CX7C phage library was purchased from New England Biolabs (Ipswich, MA, USA) and was used for both in vivo and in vitro phage display to screen astrocyte or microglia homing peptides. The protocols described by Christianson et al. 68 were used with minor modifications. The phage library was injected into C57BL/6 mice through the tail vein at a titer of 10 9 plaque-forming units (pfu)/mL in 100 mL Tris-buffered saline (50 mM Tris-HCl [pH 7.5]). Five minutes after the injections, whole spinal cords were isolated after the transcardiac removal of blood. After the weights of the harvested spinal cord tissues were recorded, each sample was homogenized in DMEM (Thermo Fisher Scientific) with protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA). Aliquots were introduced into Escherichia coli ER2738 (New England Biolabs, Ipswich, MA, USA), and the number of phages in the spinal cord was titrated by plaque-forming units. After amplification to 10 9 pfu, the phages were injected into a new cohort of C57BL/6 mice. This process was performed three times to select the specific phages that bound to the spinal cord.
After three rounds of in vivo panning in the spinal cord, the phages were introduced separately to cultured astrocyte (KT-5) or microglia cell lines (6-3 cells for M1 [proinflammatory type] or Ra2 cells for M2 [anti-inflammatory type]) for 5 min, and three additional cycles of in vitro panning were performed for each cell line. In total, genomes were isolated from a collection of 50-58 phages with high affinities for each cell line and then analyzed for DNA sequences coding for pIII protein.
Analysis of Binding of Homing Peptides to Astrocytes and Microglia In Vitro and In Vivo
AS1(C-LNSSQPS-C),
MG1(C-HHSSSAR-C), and MG2(C-NTGSPYE-C) peptides were synthesized and labeled with FITC by Invitrogen (Carlsbad, CA, USA). Isopropyl cyanide of FITC bound with the N terminus of each peptide by the intermediary of aminocaproic acid linker. These peptides labeled with FITC were refined to a purity of >95% by high-performance liquid chromatography, and their characteristics were confirmed by mass spectrometry. For in vitro experiments, the labeled peptides were applied to culture cells (NSC-34 as representative neuronal cells, primary culture of astrocytes and microglia) at a concentration of 1 mg/mL in 200 mL of culture medium in 24-well plates. After 24 hr of incubation with the peptides, cells were fixed with 4% paraformaldehyde (PFA) and were prepared for immunocytochemistry with each primary antibody: anti-MAP2 antibody (Merck Millipore, Darmstadt, Germany] for neurons, anti-GFAP antibody (Promega, Maddison, WI, USA) for astrocytes, anti-Iba1 antibody (Wako Pure Chemical Industries, Osaka, Japan) for microglia, anti-CD86 antibody (Abcam, Cambridge, UK) for M1 microglia, and anti-CD206 antibody (Abcam) for M2 microglia. Samples were subsequently incubated with species-matched secondary antibodies (Alexa Fluor 555 antibody; Molecular Probes, Eugene, OR, USA) to enable the visualization of stained cells with confocal laser microscopy (C1si; Nikon, Tokyo, Japan) using EZC1 3.90 (Nikon). FITC-positive cells were identified, counted in six independent wells, and calculated as the average of the percentage of positive staining cells in each peptide group. For microglia, CD86-and CD206-positive cells were counted, and their percentages were calculated in MG1-or MG2-positive microglia from six independent wells. In total, >1,000 cells were used for analysis. These in vitro experiments were performed in triplicate.
For in vivo experiments, 3 mg of AS1, MG1, and MG2 peptides labeled with FITC were separately injected into C57BL/6 mice through the intrathecal space at a concentration of 300 ng/mL in 10 mL of PBS. At 3 hr after the injection, the spinal cords were isolated from the mice after transcardiac perfusion fixation with 4% PFA. Sections of the spinal cord were cut and incubated with anti-GFAP primary antibodies (Promega) or anti-Iba1 primary antibodies (Wako Pure Chemical Industries) overnight at 4 C, washed, and then incubated with species-matched secondary antibodies tagged with Alexa Fluor 555 (Molecular Probes). All sections were visualized under a confocal laser microscope (C1si; Nikon) with EZC1 3.90 (Nikon). These in vivo experiments were performed with five mice in each peptide group. 11 peptides were synthesized by Invitrogen and the Peptide Institute (Osaka, Japan). These peptides were refined to a purity of >95% by high-performance liquid chromatography, and their characteristics were confirmed by mass spectrometry. The DRG peptide, which was previously reported to target the DRG neuron in mice, was prepared as a non-target control in this study. siRNA-IRF5 duplexes were synthesized by OriGene Technologies (Rockville, MD, USA), which consisted of 27-mer antisense and 25-mer sense of the following sequence: 5 0 -CGUAGACU GAUAUAGCAAUGUGGTG-3 0 . The fusion complexes between peptides and oligonucleotides were formulated by electrostatic interaction, and an appropriate molecular ratio of peptides to oligonucleotides was decided upon by the visualization of those oligonucleotides with ethidium bromide under UV excitation after electrophoresis in agarose gels ( Figure S1 ). The final peptide-to-oligonucleotide molecular weight ratio of 3:1 was used for the in vitro and in vivo knockdown study. These electrophoreses were performed in triplicate.
Knockdown Experiments by Gene Delivery with Peptide-siRNA-IRF5 Complexes to Microglia
Primary cultures of microglia were prepared in 12-well plates 1 day before the experiments. The inflammation of the microglia was induced by LPS (1 mg/mL). One hour after LPS stimulation, MG1-9R+siRNA-IRF5, MG2-9R+siRNA-IRF5, or siRNA-IRF5 alone was applied to the cells at low (peptide, 200 ng or none; siRNA, 66 ng) or high (peptide, 1 mg or none; siRNA, 330 ng) doses. After a 3-hr period, the effects of the treatment were evaluated by measuring IRF5 mRNA expression with qRT-PCR (IRF5: forward primer 5 0 -CAGGTGAACAGCTGCCAGTA-3 0 , reverse primer 5 0 -GGCCT TGAAGATGGTGTTGT-3 0 ; b-actin: forward primer 5 0 -ATGGAT GACGATATCGCT-3 0 , reverse primer 5 0 -TCTGTCAGGTCCCGG CCA-3 0 ) of each treatment group, in addition to the scrambled siRNA oligonucleotide, negative-control groups (MG1-9R+siRNA-control, MG2-9R+siRNA-control, or only siRNA-control) at the same dose as the treatment groups. After treatment with the complexes (peptides and oligonucleotides) for 24 hr, the cells were fixed with 4% PFA and incubated with IRF5 primary antibody for immunocytochemistry (Abcam). Samples were then incubated with species-matched secondary antibodies (Alexa Fluor 555 antibody; Molecular Probes) to enable the visualization of stained cells, and the immunostaining and phase images were observed through confocal laser microscopy (C1si; Nikon) with EZC1 3.90 (Nikon). Staining for IRF5 was quantified by ImageJ 1.51 (NIH, Bethesda, MD, USA) using at least 5 independent wells with low or high concentrations of peptide-siRNA complexes. These in vitro knockdown experiments were performed in triplicate.
Gene Therapy with Peptide-siRNA-IRF5 Complexes for Neuropathic Pain after Spinal Nerve Transection
Gene therapy experiments were performed using a mouse model of neuropathic pain, in which the spinal nerves of C57BL/6 mice were transected at L5 on the left side (ipsilateral). 69 The peptide and oligonucleotide complexes (10 mL of a 0.1 M PBS solution including 3 mg of peptide [MG1-9R, MG2-9R, AS1-9R, or DRG-9R] and 1 mg of siRNA-IRF5) were injected once into mice through the intrathecal space 3 days after transection. For the experiments using the high dose, the peptide and oligonucleotide complexes of siRNA-IRF5 with MG1 or MG2 were used at the same volume (10 mL) of 0.1 M PBS with 15 mg of peptide and 5 mg of siRNA-IRF5. siRNA-IRF5-and buffer-only groups were used as controls for all gene therapy experiments. Plantar tests were performed before and after transection for 14 days to evaluate the mechanical threshold on the ipsilateral side (left) and contralateral side (right) by using a dynamic plantar aesthesiometer (Ugo Basil, Varese, Italy). Pressure applied to the bilateral hindpaw served as the mechanical stimuli. The level of pressure was measured at the point of paw withdrawal in response to the mechanical stimuli. The withdrawal threshold was determined by the mean of three trials.
Five days after transection, a subset of mice was used to analyze the efficacy of gene delivery by MG1 peptides. Total mRNA was purified from L1 to L5 spinal cord tissue, and transcript levels of the IRF5 gene were measured by quantitative RT-PCR.
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For the histological analysis of gene delivery with MG1 peptides, spinal cords were sectioned after perfusion fixation with 4% PFA on day 5. The sections were incubated with anti-IRF5 primary antibodies (Abcam) and anti-CD86 primary antibodies (Abcam) overnight at 4 C, washed, and then incubated with species-matched secondary antibodies tagged with Alexa Fluor 488 and Alexa Fluor 555 (Molecular Probes). All sections were visualized under a confocal laser microscope (C1si; Nikon) with EZC1 3.90 (Nikon). The fluorescent intensity of IRF5 and CD86 immunostaining was quantified by ImageJ 1.51 in the sections from five independent mice in each control, siRNA, and MG1+siRNA group. The average was compared among those three groups.
Statistical Analyses
Data are expressed as mean ± SD. All in vitro experiments were performed in triplicate in at least three independent experiments. In vivo analyses were performed using a minimum of five mice per group, unless otherwise specified. Student's unpaired two-tailed t tests were performed to determine the significant differences among the treatment groups. For multiple datasets, one-way ANOVA and Scheffe's tests were used. p < 0.05 was considered statistically significant.
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